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ABSTRACT 
Heat shock proteins assist in folding proteins that is a basic cellular constituent responsible 
for various crucial functions including protein assembly, transportation, folding in normal 
conditions and denaturation of proteins in stress and in other cellular function. Abiotic factors 
like increased temperature, drought and salinity negatively affect reproduction and survival of 
plants. Plants (HSPs), as chaperones, have crucial part in conversing biotic and abiotic stress 
tolerance. Plants react towards critical changes through biochemical, growth, and 
physiological mechanisms included expression of stress-reactive proteins, which are 
regulated by interconnected signaling cascades of transcription factors including heat stress 
TFs. 
Keywords: HSPs, heat shock factors, stress response, resistance proteins, PCD. 
INTRODUCTION 
  HSPs proteins are found mostly in every cell from prokaryotes to eukaryotes. HSPs 
have been comprehensively studied in animals and humans. Recently their role in plants was 
thoroughly studied. HSPs were described as a result of heat shock conditions, but now get 
activate by various stresses like Ultraviolet light, cold, wound healing, drought, salinity and 
pathogenic infections (Lindquist et al., 1988). The term “heat shock protein” is now incorrect 
because HSPs are not expressed only under high temperature, also expressed under other 
stresses. HSPs are essential in maintaining balanced cell internal conditions under optimum 
and damaged growth conditions about in all living cells (Wang et al., 2004). Many types of 
HSPs are function as chaperon proteins that assist in folding upon folding of three 
dimensional proteins or proteins that get denatured by stress within the cell. Therefore many 
folding proteins are considered as HSPs due to their folding nature in response to stress 
(Wang et al., 2004). It also functions in the stability of cellular proteins and have role in 
protein refolding under diverse environmental conditions (Huttner et al., 2012). HSPs that 
respond to stresses mainly located in cytoplasm. It is suggested that HSPs have dynamic and 
diversified role in protein homeostasis because of its ubiquitous nature in living cell. HSPs 
are generally found in fungi plants and animals, HSP transcripts expression were upregulate 
at extreme temperature (Lindquist et al., 1986). Under normal physiological conditions HSPs 
are localized in the cytoplasm but translocate to the nucleus under stresses. 
Structure and Classification of Plant HSFs and HSPs 
Expression level of HSPs regulated specifically by transcription factors called heat 
shock factors. HSFs usually occur as inactive proteins and share a preserved structure. The 
Khan et al. (2021). Role of Heat Shock Proteins under different Environmental Stresses. 




basic structural domain of HSF consists of N-terminal binding site of DNA (DBD) that is 
characterized by central helical motif binds to heat shock elements. HSE at the target 
promoter thus sequentially initiates gene transcription under stress conditions (Scharf et al., 
2012). 
In comparison with other vertebrates, plants HSF consist of a large amount of HSF 
members originated from a complex plant-specific superfamily and are found in a wide range 
of species. HSFs are characterized into three classes, HsfA, B, and C in plants (Kotak et al., 
2004). The HRA/B regions of HsfBs have dense region associated or same as all told non-
plant. However category Hsf A associated C have an extended HRA/B region that consists of 
twenty one and seven (HsfCs) because of an insertion of organic compound residues between 
the HR-A and HR-B components respectively (Scharf et al., 2012). The 
carboxyl end activation domains of HSFs are represented by short amide motifs (AHA 
motifs) that are essentials because the accelerator in several studies (Döring et al., 2000). 
Various types of HSPs have been studied in almost all living cells (Bharti et al., 
2002). All HSPs have some distinct characteristics including the presence of heat-shock 
domain at C-terminal. Plant Hsps are classified into five types on basis of approximate 
molecular weights. Generally plant HSPs consist of N and C-terminal end that is nuclear 
binding domain region –I,-II and a middle one which is characterized by an amino end and 
followed by carboxyl-end. 
HSP90 
This type is one of highly expressed proteins in the plant cells, where its content is 1–
2% of total protein levels in cytoplasm (Prasinos et al., 2005) described that HSPs are 
cytosolic proteins in eukaryotes having conserved amino acid sequences. The basic 
eukaryotic molecule HSP90 assist the proper folding and maturation of other protein 
substrates, various among them are main activators of biological circuits. HSP90s has central 
position in numerous pathways regulating growth, so it is a concern of study in various fields 
(García-Cardeña et al., 1998). 
HSP90 consists of three domains: N terminal with ATP-binding motif, middle and C-
terminal end. CTD is responsible for HSP90 dimer formation. HSP90 function as chaperones 
in dimers regulated by ATP (Wayne et al., 2011). HSP90 participate with HSP70 and act by 
interacting with unit of chaperons, that includes Hip (interacting proteins) and Hop 
(organizing proteins). Hsp90s act as mediator in plant abiotic stress signal pathways (Liu et 
al., 2006) but the mechanisms still are unclear. 
HSP70s 
HSP70 is the most widely studied member found in all plants and animals (Boorstein  
et al., 1994). HSP70 called as on basis of molecular weight 70kDa and act as molecular 
chaperons. HSP70 perform necessary functions in various life forms and its homolog located 
in cell component such as chloroplast, endoplasmic reticulum, mitochondria and cytosol. 
HSP70 function as basic chaperon that it assists in folding of regulatory proteins prevent 
aggregation of denatured proteins (Tompa et al., 2010). 
When exposed to elevated temperature it triggers cellular response which is evident in 
almost all kingdoms of life. This causes the enhanced expression of multigene members that 
can encode molecular chaperones (Hartl et al., 2009). HSP70 respond by binding to 
hydrophobic region on surface of semi folded proteins and maintain low protein 
concentration (Mayer et al., 2005). While HSP70s assembled during heat shock, their 
essential cognates (HSC70) were expressed due to their involvement in maintaining 
proteostasis. 
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Small Heat Shock Proteins (SHSPs) 
The sHSPs are unique and evolutionally preserved having molecular weight ranging 
from 12to 42 k Dalton. HSP20 named so as MW are in the range of 15–22 kDa. Members of 
this family have distinct 80–100 long amino acid sequences which are not found in other 
proteins of HSP family. Their function does not depend on ATP and bind to the foreign 
protein substrates in a co-operative manner. These proteins have several characteristics 
including the degradation of the proteins that do not have ability to refold (Reddy et al., 
2015). The sHSPs cannot refold foreign proteins, but they can bind to semi folded or 
damaged substrate part thus prevents unfolding of stable protein accumulation (Sun et al., 
2002). On basis of cellular location, functions and sequence similarity, sHSP established a 
more diverse family in comparison to other HSPs. The studies showed sHSP to be localized 
in the nucleus and other cellular organelles (Waters et al., 2013). The protective role of sHSP 
against a wide variety of stresses has been rapidly studied in different crop species including 
Oryza sativa, Solanum lycopersicum (Yu et al., 2016), Glycine max (LopesCaitar et al., 
2013), Triticum aestivum (Muthusamy et al., 2017), Zea mays (Hu et al., 2010). 
Regulation of HSPs 
In the plant genome, approximately 7% of the coding regions comprise TFs and 
mostly are large gene families as compared to animals and yeasts, such as Hsfs (Udvardi et 
al., 2007). In various critical conditions like high temperature, heat shock factors get 
activated and move in the cytosol thus undergo trimer formation. These HSF are 
phosphorylated in signaling cascades and transfer to nucleus where the bind with 
corresponding cis-elements which is present in upstream part of HSP gene. The mRNA is 
translated into protein thus increased expressions of HSPs in the cytoplasm (Fig. 1) (Young et 
al., 2010). The HSR in plants and mammals is coordinated by a set of highly conserved 
proteins known as HSPs, and expression of this protein is controlled by HSFs (Snyman et al., 
2008). Increased number of HSFs in plants helps them to tolerate various forms of external 
changes during their lifespan. There are almost fifteen known and studied HSFs in 
Arabidopsis thaliana and greater than 21 in tomato (Sly) and all are thought to perform 
significant functions in stress responses. In Sly two Hsf A2 and B1, are heat inducible but the 
expression of HSFA2 and HSFB1is controlled by HSFA1, which is regarded as the key 
activator of the HSR (Mishra et al., 2002). HSFA2 called as “work horse” in stress response 
and is the major HSF during a plant exposed to increase temperature (Mishra et al., 2002). 
Abiotic Stress: Signaling Pathways 
Plants are subjected to various biotic and abiotic factors, which adversely affect its survival 
and growth (Mittler et al., 2006). To cope with these conditions, plants have evolved various 
defense signal strategies that are anatomical (Banon et al., 2004), physical (Wahid et al., 
2007) and physiological (Morales et al., 2003). Plants also respond to stress situations by 
controlling gene expression at the molecular level, enable plants to ensure their existence in 
critical situations. At molecular and cellular levels, abiotic stress response is directed through 
signaling pathways that consists of primary and secondary messengers. When exposed to 
stress the signals get initiated that sequentially activate signaling pathways and phosphorylate 
transcription factors in signaling pathways (Vij et al., 2007). As cell exposed to stress, 
receptors like kinases, G-protein-coupled receptors, and regulatory molecules receive those 
signals which then activates the secondary molecules like calcium thus leads to activation of 
signaling pathways e-g MAP, CDP, SOS3/protein kinases, TF and stress responsive genes. 
Components of MAP kinase cascades are the converging molecules in abiotic stress signaling 
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pathways. Several plants are genetically engineered with stress tolerance traits for proper 
insights and studies of signaling pathways (Akpinar et al., 2012). The significant regulation 
and the developments succeeding sections briefly describes the salient components like ROS, 
Ca
+ 
and MAP kinase in signaling cascades in plants (Gong et al., 2013). 
 
 
Figure 1: Regulation of HSP in plant cells. 
Functional Role of HSPs in Abiotic and Biotic Stress 
Abiotic Stress 
Abiotic stresses are critical changes like extreme temperatures, drought, ionic 
imbalance due to salinity, which hinder plants growth, existence, and quality. Nowadays 
environmental changes have further worsened the situation. The population of world by the 
year 2050 will be expected ~ 9 billion (Reguera, M et al., 2012), so in such conditions stress  
resistance plants should be cultivated by using transgenic and omics methods. A number of 
studies conducted by various scientists reveal the role of HSPs under different stresses in 
several plant species, such as Arabidopsis, Oryza sativa, Glycine max, Populus and Vitis 
vinifera and exact functional mechanisms of HSPs in plant stress response have recently 
become study of concern (Yer et al., 2016). 
Drought is the mostly studied adverse environmental factor that produces drastic 
affects on growth of many crops in climatic change conditions. It negatively influences plant 
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morphology, physiology and molecular mechanisms. This also causes decline in 
photosynthetic rate, transport of mineral nutrient leading to starvation, imbalance of ion and 
hormones. Water deficiency affects the quantity and quality of proteins synthesis and as a 
result, HSPs also get influenced. The expression pattern of HSPs was studied at genome level 
in the seedling of upland rice plants.  expression of HSP70 was elevated during drought 
condition (Reddy et al., 2014). HSP gene exhibited upregulation in transgenic Arabidopsis 
and Saccharum officinarum during drought condition (Yer et al., 2016). Effects of combined 
stress conditions were studied in both irrigated and non-irrigated cotton and showed that 
transcripts of HSP accumulated in non-irrigated type. HSP genes expressed at higher rate in 
drought-tolerant plants in comparison to sensitive as Cicer arietinum. The same expression 
observed in Populus plants (Xu et al., 2010). HSP17.7 showed drought tolerance in 
genetically engineered rice crops (Agrawal et al., 2016).  
Nearly 50% half of the world irrigated land, is affected by salinity. Studies showed 
that many HSPs were induced and up-regulated under salinity like HSP70 in rice seedlings 
(Ngara et al., 2014) and HSP70, their subtypes -9,-12,-33 in Populus (Manaa et al., 2011). 
Furthermore, HSP40 in Oryza sativa (Wang et al., 2018) and in poplar almost all types of 
HSPs were up-regulated against salinity (Manaa et al., 2011). Different HSPs in Arabidopsis 
like HSP 90 (Xu, J et al., 2013), HSP100 and small HSPs in Oryza sativa (Muthusamy et al., 
2016) showed tolerance against salinity. Thus studies exhibited that response of HSPs 
towards salinity stress is also genotype and specie dependent.   
High environmental temperature affects almost all organisms and especially plants, 
because they are sessile and more exposed to change in climatic conditions (Bita et al., 2013). 
Temperature stress is most widely studied and affected among plants. Increased temperature 
has affected the protein folding, arrangements and cause denaturation. As a result of high 
temperature production of free radicals that is taken as secondary stress (Fragkoste fanakis et 
al., 2015). Free radicals or ROS act as stress signal in plants and produce HSR and other 
stress responsive proteins. The interactions between HSPs and ROS have been widely studied 
in many plant species (Driedonks et al., 2015). 
A number of studies have identified the activation of heat stress genes under high 
temperature stress. Hsps of different molecular weight showed diverse expressions under heat 
stress conditions. HSP90.1 has been reported in Oryza sativa and Arabidopsis (Prasad et al., 
2010) and its all classes (A, B, and C) in Glycine max (Xu et al., 2013). Under normal 
conditions, regulation levels of all HSPs were monitored and it negatively regulates HSF 
(Yamada et al., 2007). Under heat effects the mostly reported types are HSP70 and HSP60 
chaperonin families, which keep protein in proper folding positions using ATP as a source of 
energy (Hartl et al., 2011). HSP70 located in cytosol was involved in heat tolerance in 
Arabidopsis (Jungkunz et al., 2011). 
High expression of HSP70s have been investigated under high temperature in a 
number of plant crops; such as cotton (Song et al., 2018), vegetables like, tomato, potato; 
ornamental (Huang et al., 2019) (Liu et al., 2018) grain such as wheat (Wu et al., 2018). In 
normal condition as well as under high-temperature and drought situations (combine effect) 
different studies have demonstrated the expression of HSP60 present in chloroplast. It has a 
role in Rubisco assembly, chloroplast development and protection (Xu et al., 2010). sHSPs 
and HSP40 were up-regulated under high-temperature in many plant species (Huang et al., 
2019). Different types of HSPs respond to abiotic stresses in different ways and their 
expression pattern were studied in different species with the help of biomolecular techniques 
illustrated in table 1. The activation of plant HSP20 during stress is directly related to cellular 
Ca
2+
 concentration. Elevated level of Ca
2+
 activates calmodulins and/or MAP kinases and 
followed basic signal pathway. This activation could help to identify certain regulatroy 
elements present in the promoter region, inducing its expression level (Swindell et al., 2007). 
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Recently sHSPs have been studied in plant biotic stresses. HSP20s known as stress 
responsive proteins, and generally functions are same as chaperons. Their participation has 
been reported to against the crop pathogens most important among them are viruses, bacteria 
and nematodes. Some genetic basis has explained that these folding proteins play a crucial 
role in plant defense syste. One hypothesis is that these chaperones are involved in 
accumulation of various resistance proteins, and so for the defense signal cascade 
coordination. However there is still need the better explanation of HSP20 cascade mechanism 
and function in plants biotic stress (Lopes-Caitar et al., 2016). Biotic factors like pathogens 
that are viruses, bacteria, fungi and other micro-organisms also affects plant quality, growth 
and development. These microorganisms attack their hosts and deprive of their nutrition that 
in severe cases death of plants. They cause huge pre- and post-harvest losses of crop plants. 
In comparison with plants animals have their adaptive defense mechanism which helps them 
to cope with critical changes such as foreign particles and can recognized the past infections, 
while plants have only innate immunity. Still plants try to adopt advanced strategies against 
these stresses (Singla et al., 2016). These defense strategies are incorporated in the plant’s 
genome, which can code a large number of resistance genes. This is one of the adaptive 
mechanism plants adapt through regulation of HSPs. 
Plant productivity got affected by the pathogenic bacteria, one of the important factors 
among biotic stresses. Bacteria harm their host by entering xylem vessel blocking supply of 
water and other nutrients resulting in wilting and browning of plants. Plants react to 
pathogenic bacteria by using their first line defense pattern pathogen-associated resistance. 
Plants also have evolved innate immunity that is Effector-triggered immunity. When 
pathogenic bacteria attacks plants this immunity get triggers R-protein that translate through 
resistance gene, R protein can identify the pathogen effectors thus effective mechanism 
initiate against the invaders specially bacteria as explained in Fig.2 (Dodds et al., 2010). 
HSPs have role against virulent bacteria strains as studied in different species of 
plants against some bacterial infections. Ralstonia solanacearum causes infection against 
Nicotiana tabaccum sHSP class HSP17 was initiated and accumulated in virulent strain 
(Maimbo et al., 2007). Pathogenesis related protein expressed highly after infection even in 
avirulent state. HSP20 show down-regulation in presence of PR proteins even in virulent state 
of non-pathogenic bacteria. In contrast, HSP90 has a positive interaction with above 
mentioned pathogen in tobacco. In Arabidopsis, small HSPs classes were studied and their 
expression pattern was down-regulated (Bricchi et al., 2012). 
Later studies have explored the downregulated expression in Arabidopsis was due to 
hormone that is salicylic acid as it also get affected by pathogens to cause infection (Pavlova 
et al., 2009). Viruses need living machinery of plants or neighboring cell for the spread of 
their infection (Rybicki et al., 2015). 
The expressions of HSP depend on the pathogen strains as well as on the time after 
inoculation. 
In some cases, viruses target the expression of HSPs and their subcellular targeting in 
cell to develop an infection in plants. Viruses infect the rice plants through pathogen Rice 
strip virus (RSV) that is source of other diseases that cause rigidity in various plant organs 
like stem and leaves along with strips along veins. Various investigations revealed the 
relation of HSP20 with pathogen Rice strip virus in which virus cause host infectivity at 
cellular level. Some heat shock proteins including HSP70 have positive interaction with RSV, 
mean if HSP70 silenced it lowers the viral infection (Bolhassani et al., 2019).  
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Table 1: Expressions of different types of HSPs in abiotic stresses. 
 
In previous studies, interesting report had pointed out another pathogen virus “Tomato 
Yellow leaf curl Virus have role in regulating programmed cell death by deactivating 
SlyHSF2. As a result of this inactivation, HSP90 gene is silenced which reduced the 
programmed cell death and plant remain in healthy conditions for long time after viral 
replication and infection. 
Furthermore, the “Root knot nematode” coat protein localization from the cytoplasm 
to the nucleus was linked with HSP70 of S. lycopersicum.  The expression of HSP70 get 
silenced in the Solanum lycopersicum to control virus attack. Contrarily to this HSP90 
downregulation promoted viral infection (Gorovits et al., 2017). Latest study on Potato virus 
Y in potato heat-tolerant and sensitive plants exhibited that HSPs expression get induce in 
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both extreme temperature conditions. Similarly, the expression of PR (pathogen related) 
proteins was also highly suppressed the viral infection (Makarova et al., 2018). Resistance 
was developed against viral infection in Cytosin peptidemycin for controlling Rice Black 
Streaked Dwarf Virus”. various inhibitory enzymes, defense genes and HSP also upregulate 
to control the virus infection (Yu L et al., 2018). 
 
Figure 2: HR mediated biotic stress, representation of hypersensitive response. Plants respond to 
pathogen by triggering pathogen-associated molecular patterns (PAMPs).  
Nematodes species such as the root-knot nematode cyst nematodes and root-lesion 
nematode cause more harm to agriculture. HSPs are involved in resistance to phyto-
nematodes (Li et al., 2015). Studies analyzed the sequenced data of Gossypium after pathogen 
Rotylenchulus reniformis attack at interval of 3 to almost 12 days.  About 23 HSPs and 41 
HSPs were induced in susceptible genotypes and resistant genotypes respectively. Pathogens 
attack the plants causing root necrosis, nutrients and water deficiency. In response to biotic 
stress position of cis-acting elements in the upstream area of Hsp gene got activated but it 
depends on the distance from the site of transcription. HSP17.7, in exogenously produced 
tobacco showed that HSE were activated within 83 base pairs (bp) but the expression 
upregulates beyond 83 bp (Escobar et al., 2003). This was further confirmed by study in 
HSP17.6 and HSP18.6, where they expressed within 108 and 49 bps respectively (Barcala et 
al., 2008). The research shows that the HSE and other regulatory motif regions that also 
interact with TFs and influenced the expression of sHSP in biotic stresses. HSP90 down 
regulated in tomatoes showed tolerance to nematodes infection (Bhattarai et al., 2007). On 
the other hand, HSP90, stimulate the infection caused by nematodes. 
CONCLUSION 
HSPs have ubiquitous nature and role in maintaining the protein homeostasis and 
stability of cell. HSPs have different types in plants and other species that perform different 
functions. Due to climate change when cell exposed to biotic and abiotic stresses, they affect 
plants growth and development or eventually leads to death. When expose to stress plants 
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HSPs respond in different ways. Heat stress initially acts on the quaternary structure of 
protein thus affecting its folding and denatured protein. Different functional genomic studies 
have been performed that identified various components under different stresses. Plants 
respond to stress after transcription regulation of HSPs at molecular level. Different signaling 
passages get activated in response to stress which phosphorylates other transcription factors 
and also heat shock factors that transcribed into proteins thus express under stress in different 
ways. Multiple number of genes affected under stress conditions thus it imply there is not a 
single marker that get functional against stress. HSPs have crucial role in reaction of stress 
and can be used in development of transgenic plant. In controlled experimental conditions in 
laboratory HSPs studies were performed on model plants. HSPs have widely distributed types 
and each of them have significant role across different interconnected pathways. The 
response of HSP is genotypical specifically at tissue level. The expression study analysis of 
HSP types in various stresses were up and down regulated. There is a crosstalk study between 
various hormonal pathways, but its exact nature during simultaneous biotic and abiotic stress 
still need to be identified. There is no definite set of marker get identified that will predict the 
tolerance mechanism against stress Researchers should identified exact markers with a 
definite degree of confirmation. There is need to understand the exact mechanism how HSPs 
participate in sensing stress signals transduction, and transcriptional regulations of several 
stress genes. Although much work has been conducted on plant abiotic stress and its relation 
with signaling pathways still there is need of efforts in modern molecular proteomics and 
transcriptomic tools, to get more perceptions about molecular mechanism(s) of basic various 
signaling pathways. 
REFERENCES  
Agrawal L, Gupta S, Mishra SK, Pandey G, Kumar  S, Chauhan PS. . . . Nautiyal C S (2016). 
Elucidation of complex nature of PEG induced drought-stress response in rice root 
using comparative proteomics approach. Front Plant Sci., 7: 1466.  
Augustine SM, Cherian AV, Syamaladevi DP, Subramonian N (2015). Erianthus 
arundinaceus HSP70 (EaHSP70) acts as a key regulator in the formation of 
anisotropic interdigitation in sugarcane (Saccharum spp. hybrid) in response to 
drought stress. Plant a Cell Physiol., 56(12): 2368-2380.  
Bolhassani  A,  Agi E (2019). Heat shock proteins in infection. Clin Chim  Acta.,  498: 90-
100.  
Bhattarai KK, Li Q,  Liu Y,  Dinesh-Kumar SP and  Kaloshian I (2007). The Mi-1-mediated 
pest resistance requires Hsp90 and Sgt1. Plant Physiol., 144(1): 312-323.  
Benešová M, Holá D, Fischer L, Jedelský P,  Hnilicka F (2012). The Physiology and 
Proteomics of Drought Tolerance in Maize: Early Stomatal Closure. 
https://doi.org/10.1371/journal.pone.0038017 
Bharti K,  Nover L (2002). Heat stress-induced signalling. Plant signal transduction: Front 
Mol Biol., 74-115. 
Bita C,  Gerats T (2013). Plant tolerance to high temperature in a changing environment: 
scientific fundamentals and production of heat stress-tolerant crops. Front Plant Sci., 
4: 273.  
Barcala M, García  A, Cubas P,  Almoguera C,  Jordano J, Fenoll  C,  Escobar, C (2008). 
Distinct heat-shock element arrangements that mediate the heat shock, but not the 
late-embryogenesis induction of small heat-shock proteins, correlate with promoter 
activation in root-knot nematode feeding cells. Plant Mol Biol., 66(1-2): 151-164.  
Khan et al. (2021). Role of Heat Shock Proteins under different Environmental Stresses. 




Chauhan H, Khurana N, Nijhavan A, Khurana JP, Khurana P (2012). The wheat chloroplastic 
small heat shock protein (sHSP26) is involved in seed maturation and germination 
and imparts tolerance to heat stress. Plant Cell Environ., 35(11): 1912-1931. 
Dodds PN,  Rathjen JP (2010). Plant immunity: towards an integrated view of plant–
pathogen interactions. Nat Rev Genet., 11(8): 539 548.  
Duck NB,  Folk WR (1994). Hsp70 heat shock protein cognate is expressed and stored in 
developing tomato pollen. Plant Mol Biol,. 26(4): 1031-1039.  
 Döring  P,  Treuter E, Kistner C, Lyck R, Chen  A,   Nover L (2000). The role of AHA 
motifs in the activator function of tomato heat stress transcription factors HsfA1 and 
HsfA2. The Plant Cell., 12(2): 265-278.  
Escobar C, Barcala M, Portillo M, Almoguera C, Jordano J, Fenoll C (2003). Induction of the 
Hahsp17. 7G4 promoter by root-knot nematodes: involvement of heat-shock elements 
in promoter activity in giant cells. Mol Plant Microbe interact., 16(12):1062-1068.  
Fragkostefanakis S, Roeth S, Schleiff E,   SCHARF KD (2015). Prospects of engineering 
thermotolerance in crops through modulation of heat stress transcription factor and 
heat shock protein networks. Plant Cell Environ.,38(9):1881-1895.  
Gorovits R, Moshe A, Amrani L, Kleinberger R,  Anfoka G,  Czosnek, H (2017). The six 
Tomato yellow leaf curl virus genes expressed individually in tomato induce different 
levels of plant stress response attenuation. Cell Stress Chaperones., 22(3): 345-355.  
García-Cardeña  G,  Fan R,  Shah V,  Sorrentino R, Cirino G,  Papapetropoulos  A,  Sessa W. 
C (1998). Dynamic activation of endothelial nitric oxide synthase by Hsp90. Nature., 
392(6678): 821-824.  
Gong P, Xu X, Shi J. Ni L, Huang Q,  Xia  L. . . . Shi W (2013). Phosphorylation of mitogen-
and stress-activated protein kinase-1 in astrocytic inflammation: a possible role in 
inhibiting production of inflammatory cytokines. PloS one., 8(12): e81747.  
Hu X, Li Y,  Li  C,  Yang H, Wang W,  Lu M  (2010). Characterization of small heat shock 
proteins associated with maize tolerance to combined drought and heat stress. J Plant 
Growth Regul., 29(4): 455-464. 
Hartl FU, Hayer-Hartl M (2009). Converging concepts of protein folding in vitro and in vivo. 
Nat Struct Mol biol.,16(6): 574. 
Huang, LJ,  Cheng GX, Khan A, Wei AM, Yu QH, Yang SB, . . . Gong ZH (2019). 
CaHSP16. 4, a small heat shock protein gene in pepper, is involved in heat and 
drought tolerance. Protoplasma., 256(1): 39-51.  
Hlaváčková I,  Vítámvás P,  Šantrůček J,  Kosová  K, Zelenková S,  Prášil  I. T,. . . . Kodíček 
M (2013). Proteins involved in distinct phases of cold hardening process in frost 
resistant winter barley (Hordeum vulgare L.) cv Luxor. Int J Mol Sci., 14(4): 8000-
8024. 
Hüttner S,  Strasser R  (2012). Endoplasmic reticulum-associated degradation of 
glycoproteins in plants. Front Plant Sci., 3: 67.  
Jungkunz I, Link K, Vogel F, Voll LM, Sonnewald  S,  Sonnewald  U (2011). AtHsp70‐15‐
deficient Arabidopsis plants are characterized by reduced growth, a constitutive 
cytosolic protein response and enhanced resistance to TuMV. The Plant J., 66(6): 
983-995.  
Jin Y, Zhang C, Yang H,  Yang Y, Huang C, Tian Y,   Lu X (2011). Proteomic analysis of 
cold stress responses in tobacco seedlings. Afr J of Biotechnol., 10(82): 18991-19004.  
Kim SR,  An G (2013). Rice chloroplast-localized heat shock protein 70, OsHsp70CP1, is 
essential for chloroplast development under high-temperature conditions. J Plant 
Physiol., 170(9): 854-863. 
Kotak S,  Port M, Ganguli A,  Bicker  F,  Von Koskull‐Döring, P (2004). Characterization of 
C‐terminal domains of Arabidopsis heat stress transcription factors (Hsfs) and 
Khan et al. (2021). Role of Heat Shock Proteins under different Environmental Stresses. 




identification of a new signature combination of plant class A Hsfs with AHA and 
NES motifs essential for activator function and intracellular localization. The Plant J., 
39(1): 98-112.  
Liu J, Pang  X,  Cheng Y,  Yin Y,  Zhang  Q,  Su W. . . . Zhang J (2018). The Hsp70 gene 
family in Solanum tuberosum:genome-wide identification, phylogeny, and expression 
patterns. Sci Rep., 8(1): 1-11.  
Liu JJ,  Ekramoddoullah AK (2006). The family 10 of plant pathogenesis-related proteins: 
their structure, regulation, and function in response to biotic and abiotic stresses. 
Physiol Mol Plant Pathol., 68(1-3):3-13.  
Lopes-Caitar VS, de Carvalho MC, Darben LM, Kuwahara MK, Nepomuceno  AL Dias, WP. 
. . . Marcelino-Guimarães, FC (2013). Genome-wide analysis of the Hsp 20 gene 
family in soybean: comprehensive sequence, genomic organization and expression 
profile analysis under abiotic and biotic stresses. BMC genomics., 14(1): 577.  
Lindquist S,  Craig EA (1988). The heat-shock proteins. Ann Rev. Genetics, 22(1): 631-677. 
Mayer M,  Bukau B (2005). Hsp70 chaperones: cellular functions and molecular mechanism. 
Cell Mol life Sci., 62(6): 670.  
Muthusamy SK, Dalal M, Chinnusamy V,  Bansal KC (2016). Differential regulation of 
genes coding for organelle and cytosolic ClpATPases under biotic and abiotic stresses 
in wheat. Front Plant Sci., 7: 929.  
Mishra SK, Tripp  J, Winkelhaus S, Tschiersch B, Theres K, Nover  L,  Scharf KD (2002). In 
the complex family of heat stress transcription factors, HsfA1 has a unique role as 
master regulator of thermotolerance in tomato. Genes Dev., 16(12): 1555-1567.  
Mittler R  (2006). Abiotic stress, the field environment and stress combination. Trends Plant 
Sci., 11(1): 15-19.  
Mishra RC,  Grover A (2016). Constitutive over-expression of rice ClpD1 protein enhances 
tolerance to salt and desiccation stresses in transgenic Arabidopsis plants. Plant Sci., 
250: 69-78. 
Morales D, Rodríguez  P, Dell'Amico J, Nicolas E, Torrecillas A,  Sánchez-Blanco MJ 
(2003). High-temperature preconditioning and thermal shock imposition affects water 
relations, gas exchange and root hydraulic conductivity in tomato. Biol Plant., 47(2): 
203. 
Manaa A, Ben Ahmed H, Valot B, Bouchet JP, Aschi-Smiti S, Causse  M,   Faurobert M 
(2011). Salt and genotype impact on plant physiology and root proteome variations in 
tomato. J Exp Bot., 62(8): 2797-2813.  
Makarova S, Makhotenko A, Spechenkova N, Love AJ, Kalinina NO,  Taliansky M (2018). 
Interactive responses of potato (Solanum tuberosum L.) plants to heat stress and 
infection with potato virus Y Front Microbio., 9: 2582.  
Maimbo M, Ohnishi K, Hikichi Y, Yoshioka H,  Kiba A (2007). Induction of a small heat 
shock protein and its functional roles in Nicotiana plants in the defense response 
against Ralstonia solanacearum. Plant Physiol., 145(4): 1588-1599.  
Ngara R,  Ndimba BK (2014). Understanding the complex nature of salinity and drought‐
stress response in cereals using proteomics technologies. Proteomics., 14(4-5): 611-
621.  
Ono, K, Hibino T, Kohinata T, Suzuki S, Tanaka Y, Nakamura T,  Takabe T (2001). 
Overexpression of DnaK from a halotolerant cyanobacterium Aphanothece 
halophytica enhances the high-temperatue tolerance of tobacco during germination 
and early growth. Plant Sci., 160(3): 455-461.  
Prasad BD, Goel S,  Krishna P (2010). In silico identification of carboxylate clamp type 
tetratricopeptide repeat proteins in Arabidopsis and rice as putative co-chaperones of 
Hsp90/Hsp70. PloS one., 5(9): e12761.  
Khan et al. (2021). Role of Heat Shock Proteins under different Environmental Stresses. 




Pavlova E, Rikhvanov E, Tauson E, Varakina N, Gamburg K, Rusaleva T.. . . Voinikov V 
(2009). Effect of salicylic acid on the development of induced thermotolerance and 
induction of heat shock protein synthesis in the Arabidopsis thaliana cell culture. 
Russian J Plant Physiol., 56(1): 68-73.  
Rybicki EP (2015). A Top Ten list for economically important plant viruses. Arch. Virol., 
160(1): 17-20.  
Reddy PS, Kishor PBK, Seiler C, Kuhlmann M, Eschen-Lipold  L,  Lee J. . . . Sreenivasulu N 
(2014). Unraveling regulation of the small heat shock proteins by the heat shock 
factor HvHsfB2c in barley: its implications in drought stress response and seed 
development. PloS one., 9(3): e89125.  
Reguera M, Peleg  Z,  Blumwald E (2012). Targeting metabolic pathways for genetic 
engineering abiotic stress-tolerance in crops. (BBA)-Gene REGUL MECH., 1819(2): 
186-194.  
Reddy PS, Sharma KK, Vadez V,  Reddy MK (2015). Molecular cloning and differential 
expression of cytosolic class I small Hsp gene family in Pennisetum glaucum (L.). 
Appl Biochem Biotechnol., 176(2): 598-612.  
Sun W, Van Montagu  M,  Verbruggen N  (2002). Small heat shock proteins and stress 
tolerance in plants. BBA Gene Structure and Expression, 1577(1): 1-9. 
Scharf KD, Berberich T, Ebersberger I,  Nover L (2012). The plant heat stress transcription 
factor (Hsf) family: structure, function and evolution. BBA Gene REGUL MECH., 
1819(2): 104-119.  
Snyman M,  Cronjé M (2008). Modulation of heat shock factors accompanies salicylic acid-
mediated potentiation of Hsp70 in tomato seedlings. J Exp Bot,. 59(8): 2125-2132. 
Song G, Yuan S, Wen  X, Xie  Z, Lou L, Hu B. . . . Xu, B (2018). Transcriptome analysis of 
Cd-treated switchgrass root revealed novel transcripts and the importance of 
HSF/HSP network in switchgrass Cd tolerance. Plant Cell Rep., 37(11): 1485-1497.  
Scarpeci TE, Zanor MI, Carrillo N, Mueller-Roeber B,  Valle EM (2008). Generation of 
superoxide anion in chloroplasts of Arabidopsis thaliana during active photosynthesis: 
a focus on rapidly induced genes. Plant Mol Biol., 66(4): 361-378.  
Swindell, WR., Huebner M,   Weber AP (2007). Transcriptional profiling of Arabidopsis heat 
shock proteins and transcription factors reveals extensive overlap between heat and 
non-heat stress response pathways. BMC genomics., 8(1): 125.  
Sobhanian H, Aghaei K,  Komatsu S (2011). Changes in the plant proteome resulting from 
salt stress: toward the creation of salt-tolerant crops? J Proteomics., 74(8): 1323-1337. 
Singla J, Krattinger S, Wrigley C, Faubion J, Corke H,  Seetharaman, K. (2016). Biotic stress 
resistance genes in wheat. 388-392. 
Tompa P,  Kovacs D (2010). Intrinsically disordered chaperones in plants and animals. 
Biochem Cell Biol., 88(2): 167-174. 
Udvardi  MK, Kakar  K, Wandrey  M,  Montanari  O,  Murray J,  Andriankaja  A. . . . 
Chueng, F (2007). Legume transcription factors: global regulators of plant 
development and response to the environment. Plant Physiol., 144(2): 538-549.  
Vij S,  Tyagi AK (2007). Emerging trends in the functional genomics of the abiotic stress 
response in crop plants. Plant Biotechnol J., 5(3): 361-380.  
Wahid A, Gelani S, Ashraf  M,  Foolad MR (2007). Heat tolerance in plants: an overview. 
Environ Exp Bot., 61(3): 199-223.  
Wu H, Shi N, An  X, Liu  C, Fu  H, Cao  L. . . . Zhang  L (2018). Candidate genes for yellow 
leaf color in common wheat (Triticum aestivum L.) and major related metabolic 
pathways according to transcriptome profiling. Int J Mol Sci., 19(6): 1594.  
Wayne N, Mishra P,  Bolon DN (2011). Hsp90 and client protein maturation. In Molecular 
Chaperones., 33-44: Springer. 
Khan et al. (2021). Role of Heat Shock Proteins under different Environmental Stresses. 




Waters ER (2013). The evolution, function, structure, and expression of the plant sHSPs. J 
Exp Bot., 64(2): 391-403.  
 Wang W, Vinocur B, Shoseyov O,  Altman A (2004). Role of plant heat-shock proteins and 
molecular chaperones in the abiotic stress response. Trends Plant Sci., 9(5): 244-252.  
Xu  J, Xue C, Xue D, Zhao J, Gai  J, Guo N,  Xing H (2013). Overexpression of GmHsp90s, 
a heat shock protein 90 (Hsp90) gene family cloning from soybean, decrease damage 
of abiotic stresses in Arabidopsis thaliana. PloS one., 8(7): e69810.  
Xu X, Song H, Zhou Z, Shi N, Ying Q,  Wang H (2010). Functional characterization of 
AtHsp90. 3 in Saccharomyces cerevisiae and Arabidopsis thaliana under heat stress. 
Biotechnol Lett., 32(7): 979-987.  
Xu C,  Huang B (2010). Comparative analysis of drought responsive proteins in Kentucky 
bluegrass cultivars contrasting in drought tolerance. Crop Sci., 50(6): 2543-2552.  
Young LW, Wilen RW,  Bonham‐Smith PC (2004). High temperature stress of Brassica 
napus during flowering reduces micro‐and megagametophyte fertility, induces 
            fruit abortion, and disrupts seed production. J Exp Bot., 55(396): 485-495. 
Yu  L, Wang W, Zeng  S, Chen  Z, Yang A,  Shi  J. ... Song, B (2018). Label-free 
quantitative proteomics analysis of Cytosinpeptidemycin responses in southern rice 
black-streaked dwarf virus-infected rice. Pestic Biochem Physiol., 147: 20-26.  
Yamada K, Fukao Y, Hayashi M, Fukazawa M, Suzuki I,  Nishimura, M (2007). Cytosolic 
HSP90 regulates the heat shock response that is responsible for heat acclimation in 
Arabidopsis thaliana. J Biol Chem., 282(52): 37794-37804.  
 Yu LH, Wu SJ, Peng YS, Liu RN, Chen X, Zhao P. . . . Pei Y (2016). Arabidopsis EDT 
1/HDG 11 improves drought and salt tolerance in cotton and poplar and increases 
cotton yield in the field. Plant Biotechnol J., 14(1): 72-84.  
Yer EN, Baloglu MC,  Ayan S (2018). Identification and expression profiling of all Hsp 
family member genes under salinity stress in different poplar clones. Gene., 678: 324-
336.  
Yu  LH, Wu SJ,  Peng YS, Liu RN, Chen X,  Zhao P. . . . Pei Y (2016). Arabidopsis EDT 
1/HDG 11 improves drought and salt tolerance in cotton and poplar and increases 
cotton yield in the field. Plant Biotechnol J., 14(1): 72-84. 
  
 
 
 
 
 
 
 
 
